Article type: Letters. 30 Word count: Abstract = 148; Main text = 4767; Box 1 = 244 31 Number of references: 51 32 Number of Figures, Tables, Boxes: 3, 1 and 1 respectively 33 Data accessibility statement: The R scripts and data for analyses will be archived at 34 github.com/dougwyu/screening_Innocent_et_al. Abstract 40 Many animals and plants recruit beneficial microbes from the environment, enhancing 41 their defence against pathogens. However, we have only a limited understanding of 42 the assembly mechanisms involved. A game-theoretical concept from economics, 43 screening, potentially explains how a host can selectively recruit antibiotic-producing 44 microbes from the environment, by fomenting and biasing competition among 45 potential symbionts in such a way that the likely winners are mutualists. The cuticular 46 microbiomes of Acromyrmex leaf-cutting ants inspired one of the first applications of 47 screening theory to mutualisms, and here we use inoculation experiments to test the 48 efficacy of screening in vitro. Using agar infused with antibacterial metabolites from 49 the ants' vertically transmitted Pseudonocardia symbionts, we show that secondary 50 antibiotic-producing bacteria have higher growth rates than do non-producer strains 51 and are more likely to win in direct competition. Our results demonstrate how game-52
microbes in the environment), some or most of which are unsuitable. The challenge is 74 that the Principal does not know which Agents are suitable -that is, the Agent's 75 characteristics are hidden. This is the Problem of Hidden Information. The equivalent 76 statement in evolutionary biology is that in horizontally acquired symbioses, a host is 77 under selection to recruit mutualistic symbionts out of a species pool that includes 78 both commensals and parasites, but the host is faced with the Partner Choice problem 79 of not being able to recognise which species are mutualistic (Bull & Rice 1991) . 80 Principal-Agent theory provides two solutions to the Problem of Hidden Information: 81 signalling and screening (Archetti et al. 2011a; b). Honest signalling uses the display 82 of costly phenotypes to reveal the quality of potential partners (Spence 1973; Grafen 83 1990), but it is difficult to envision a cost that can signal cooperativeness per se (but 84 see Archetti et al. 2016) . Also, even if the host is able to discern symbiont qualities, 85 the host might be unable to actively choose amongst the symbionts. Both problems 86 apply to the recruitment of defensive symbionts where the host cannot use signalling 87 because the host has no mechanism for actively choosing amongst symbiont lineages, 88 cannot identify their characteristics before establishment, or both (Scheuring & Yu 89 2012). 90 Here, we present a set of in vitro experiments to demonstrate that ant hosts can 91 instead use screening to selectively take up antibiotic-producing microbes from the 92 pool of bacteria in the environment. First, we recap how screening works. 93 Screening. -Imagine a host faced with multiple potential symbionts differing in their 94 benefit to the host. For simplicity, we assume two types, mutualistic and parasitic, 95 where the latter includes commensals because they can impose opportunity costs on 96 hosts (Yu 2001) . It is possible for the host to selectively 'screen-in' mutualistic 97 symbionts, provided that the host evolves a 'demanding environment', which imposes 98 a cost on colonising symbionts that is easier to endure if they are mutualists. The 99 benefit of enduring the cost is a host-provided reward that is high enough for the 100 mutualist to enjoy a net benefit (see Box 1 for a human example). 101 Screening succeeds if the nature and size of the cost and benefit evolve so that only 102 the mutualist reaps a sufficiently large net benefit for natural selection to reward 103 colonisation of the host over any alternatives, including free living. Multiple 104 screening mechanisms appear to exist in nature (Archetti et al. 2011a; b; see also 105 Ranger et al. 2018). In particular, we have proposed that hosts evolve to foment 106 competition among potential symbionts in such a way that the winners have a high 107 probability of being mutualists, which we call competition-based screening. A good 108 example is given by Heil (2013) , who studied Acacia ant-plants, which can be 109 colonised by ant species that either protect their hostplants (mutualists) or not 110 (parasites). Acacia species that provide high amounts of food and housing to incipient 111 ant colonies promote colony growth and worker activity, and the colony that wins the 112 hostplant is the one whose workers kill off the other incipient colonies. Having numerous, aggressive workers is also the defining characteristic of a mutualistic 114 colony, since the workers attack herbivores. Thus, the demanding environment is 115 interference competition amongst ants, fueled by the hostplant, and the ant species 116 that are best able to endure this cost are the aggressive ones, which is correlated with 117 their mutualistic service to the plant. The benefit of enduring the demanding 118 environment is the high levels of plant-provided reward. This benefit, minus the cost 119 of the risk of colony death due to fighting, is presumably greater than the alternative 120 fitness from living in other microhabitats. What makes this an especially satisfying 121 example is that there also exist Acacia species that provide low amounts of food and 122 housing, and these species are regularly colonised by parasitic, non-defending ant 123 colonies, whereas high-reward Acacia species are rarely colonised by parasitic ants. 124 Box 1. A human example of a successful screening mechanism 125 Any automobile-breakdown insurance company is faced with a hidden information 126 problem. Potential clients differ in the probability that their cars will need rescue. 127 Owners of poor-quality cars are more willing to purchase insurance but will impose 128 higher costs on insurers with their more frequent callouts. Owners of high-quality cars 129 are less willing to pay for insurance but would be more profitable to insurers. The 130 challenge for insurers is to find a way to charge a higher price to owners of poor-131 quality cars and a lower price to owners of high-quality cars, without needing to 132 inspect the cars. 133 One solution can be viewed at www.rac.co.uk/breakdown-cover (accessed 30 May 134 2018). Adding the 'At home cover' rescue option costs an additional £5/month, nearly 135 doubling the cost of the cheapest cover at £5.50/month. Poor-quality cars run a 136 nontrivial risk of failing to start in the morning. For high-quality cars, this risk is 137 negligible. In screening terms, the absence of 'At Home' recovery is a burden that 138 owners of high-quality cars are better able to endure. If priced and designed 139 correctly, the two types of owners will voluntarily sign up for the two different 140 coverage levels. 141 A similar design challenge applies to costly, honest signalling, in which the signal has 142 to be costly in a way that reveals a specific hidden quality. For instance, an expensive 143 car is good at signalling wealth and poor at signalling fidelity or niceness. Pseudonocardia biofilm coats the worker surface in antibacterial compounds, 161 rendering this a demanding environment that we expect antibiotic-resistant strains to 162 be best able to endure. This is because antibiotic-producing bacteria must also have 163 antibiotic resistance, or they would commit suicide when producing antibacterial 164 compounds. Thus, we expect the quality that allows potential symbionts to endure this 165 demanding environment (resistance to antibacterials) to be strongly correlated with 166 the quality that makes them mutualistic (antibiotic production). Attine biology 167 supports the assumption that the demanding environment is paired with high rewards, (2) a set of 'environmental' antibiotic-producing bacterial strains, defined as not 220 having an evolutionary history of growing on the cuticle of Acromyrmex ants; 221 (3) a set of 'environmental' non-antibiotic-producing bacterial strains, defined as not 222 having an evolutionary history of growing on the cuticle of Acromyrmex ants; and 223 (4) a set of bacterial strains that reside in the cuticular microbiomes of Acromyrmex 224 workers while being non-antibiotic-producing, which in theory should preclude their 225 survival in cuticular biofims. We asked why these bacteria do not competitively 226 exclude the resident antibiotic-producers, since they are presumably resistant to 227 Pseudonocardia metabolites but do not pay the cost of producing antibiotics. We use 228 the term 'resident' only to indicate that we isolated these strains from Acromyrmex 229 cuticles; we do not imply that these strains are true native residents like 230 Pseudonocardia. 231 For bacterial growth media, we used Soya Flour + Mannitol (SFM) agar (20g soya 232 flour, 20g mannitol, 20g agar in 1L tap water) and Lysogeny Broth (LB) Lennox (10g 233 tryptone, 5g yeast extract, 5g NaCl in 1L deionised water). 234 Collection and isolation of bacterial strains 235 (1) Nineteen Ps1 and Ps2 strains were isolated from the cuticles of individual workers 236 of the leaf-cutting ant Acromyrmex echinatior (Hymenoptera, Formicidae, Attini). 237 The 19 colonies of these workers were collected in Soberania National Park, Panama, Soya Flour (SFM) media (optimal for actinobacterial growth and spore production), 249 from which spore stock solutions were prepared in 20% glycerol and kept at -20 °C 250 until use. Each isolate was genotyped to Ps1 or Ps2 (Supplementary Information S1). 251 Five strains from each of these two species have previously been genome-sequenced, 252 formally described, and functionally characterised as different Pseudonocardia Acromyrmex echinatior (columns 1 and 2); the 10 environmental antibiotic-producer strains (column 3); 276 the 10 environmental antibiotic-non-producer strains (column 4); and the 10 Acromyrmex-resident, 277 antibiotic-non-producer strains (column 5). Details for all strains not isolated from Acromyrmex in Table   278 S2. The sets of 10 environmental antibiotic-producers (all Streptomyces spp.) and of 10 291 environmental non-producers (Table 1) Streptomyces S8 and Pseudonocardia Ps2 (strain Ae717) + Streptomyces S2 (Table   328 1). These combinations are representative of the results from the growth-rate 329 experiment: the two Streptomyces strains grew more slowly than most of the non-330 producers on control media and either near the median growth rate of (S8) or faster 331 than (S2) the non-producers on Pseudonocardia-infused media. 332 We competed Streptomyces S8 and S2 against the 10 environmental non-producer 333 strains (20 pairings), using spore titrations of S8 and S2 consisting of 10 6 spores per 334 ml for each strain in 20% glycerol. Non-producers were grown overnight in 10 ml 335 LB-Lennox, subcultured with a 1:100 dilution into a fresh 10 ml LB-Lennox, grown 336 at 37 °C for 3-4 hours, after which OD600 was measured, assuming that OD600 = 1 337 represented 8 × 10 9 cells. Similar dilutions of 10 6 cells per ml were made for each 338 non-producer strain in 20% glycerol, after which producer and non-producer reference to images of each strain grown alone on control media to minimise observer 348 bias. One plate's outcome was too ambiguous to score and was omitted. All plates 349 were independently scored by two observers, one using only photos, which produced 350 data sets giving the same statistical results. We report the results from the observer 351 who scored from direct observation. 352 Antibiotic-resistance profiles 353 The key assumption of screening theory is that antibiotic-producers are better at 354 resisting antibiotics, as measured by growth rates in the presence of antibiotics, 355 because this correlation is what allows producer strains to better endure the (Table S3 ). Producers and non-producers were 363 inoculated onto plates and incubated at 30 °C for 7 days, then photographed ( producers grew more quickly on undemanding control media and producers had 383 higher growth rates on the demanding Pseudonocardia-infused media, producing a 384 highly significant statistical interaction effect (Fig. 1A) . There was also a significant The resident non-producers isolated from cuticular microbiomes had significantly 391 slower growth rates overall, even on control media without antibiotics (Fig. 1B) . This Pairwise competition experiment. -The two producer strains were much more likely 425 to win in direct competition against the non-producer strains when grown on the toxic 426 (Pseudonocardia-infused) media (Fig. 2) , which demonstrates that growth rates in 427 isolation (Fig. 1A) The screening model assumes that producer strains have greater resistance to 450 antibiotics than do non-producer strains. We confirmed this assumption for this 451 experiment because both the Lowest Effective Concentration (LEC, lowest 452 concentration with inhibitory effect) and the Minimum Inhibitory Concentration 453 (MIC, lowest concentration with no growth) were greater for the producer strains 454 (Fig. 3) . We also observed that the resident non-producers had high levels of 455 antibiotic resistance (Fig. 3) , as expected ( Fig. 1B) . (Table 1) . Boxplots indicate medians (notches) ± one quartile. For analysis, 459 we calculated each strain's mean growth score across the eight tested antibiotics (reducing 460 from n = 155 to n = 20; details in S3). Producers showed higher levels of resistance than did 461 non-producers for both measurements: Wilcoxon two-sided test (wilcox.test), W = 462 94.5, p = 0.0017 for LEC (A) and W = 80, p = 0.0253 for MIC (B), after correction for two tests 463 (p.adjust(method="fdr")). Producers and Resident Non-producers showed no 464 difference in resistance levels (p = 0.44 and 0.25).
465
Discussion 466 We used in vitro experiments to test key predictions and assumptions of a screening 467 model (Scheuring & Yu 2012) that was designed to explain how leaf-cutting ants 468 could use a vertically transmitted symbiont, Pseudonocardia, to selectively recruit 469 additional antibiotic-producing bacterial strains from the large pool of potential 470 bacterial symbionts present in the environment. 471 We showed that non-producer invasive strains grow more slowly than do antibiotic-472 producer strains on Pseudonocardia-infused media (Fig. 1A) . Since the control plates 473 showed that non-producers have higher intrinsic growth rates, we attribute the Finally, we confirmed that our producer strains (all genus Streptomyces) had higher 481 resistance to antibiotics than did our non-producer strains (Fig. 3) . 482 Our pairwise competition experiment confirmed that growing on Pseudonocardia-483 infused media renders producer strains competitively superior (i.e. they usually win) 484 or at least resistant to exclusion (they more often draw than lose, especially on the 485 less-toxic Ps1-infused media) (Fig. 2) . This in vitro experiment mimics the conditions 486 we expect to occur on the cuticle of Acromyrmex workers after their full-body 487 Pseudonocardia biofilm (obtained shortly after hatching) has retreated to the 488 laterocervical chest plates (and possibly into the subcuticular glands), when the 489 workers begin to forage outside the nest, where they are exposed to many bacterial Acromyrmex-resident non-producers. -We also ran a growth-rate experiment with a 511 set of resident non-producer strains that had been isolated from Acromyrmex ant 512 cuticles ( Fig. 1B) and found that they generally had low intrinsic growth rates, 513 making it unlikely that they can competitively exclude producers. It seems surprising 514 that we found these non-producer strains at all, but we note that the fact that we could 
